We describe the male reproductive system of the intertidal hermit crab Calcinus tibicen, with emphasis on the sexual apparatus, spermatophore, and spermatozoa. The crabs were collected on the rocky shore of Praia Grande Beach, Ubatuba, southeastern Brazil. The morphological analysis, based on 30 specimens, was made with the use of a stereomicroscope, an optical microscope, and scanning and transmission electron microscopes. The male reproductive system is composed of a pair of juxtaposed testes, located dorsally in the pleon. From each testis emerges a vas deferens that links it to the exterior by the gonopores, located on the base of the fifth pair of pereiopods. The vas deferens has three macroscopically distinct regions that contain spermatophores in different stages of maturation. The spermatophore morphology is similar to that of other members of Paguroidea, having a distal, nearly spherical ampulla containing spermatozoa; an approximately cylindrical peduncle; and a proximal foot connecting the spermatophores. We describe, for the first time, the variability in the spermatophore morphology and size in the three regions of the vas deferens using the type species of the genus Calcinus. The spermatozoa have three main regions (the acrosomal vesicle, the nucleus, and the cytoplasm). The morphological similarity of the male reproductive system of C. tibicen with previously studied species of Diogenidae is an indicative of complex phylogenetic relationships among the members of the genus.
INTRODUCTION
The orange claw hermit crab Calcinus tibicen Herbst, 1791 is found in tropical shallow waters, up to 30 m deep, of the western Atlantic Ocean. Its distribution ranges from the Bermudas, Florida, Gulf of Mexico, and Antilles to northern South America (Panama, Colombia, and Venezuela) and Brazil (Fernando de Noronha and from the states of Ceará to Santa Catarina) (Coelho and Ramos, 1972; Rieger and Giraldi, 1997; Campos and Lemaitre, 1994; Melo, 1999) .
Previous studies of the biology of C. tibicen include: a characterization of the reproductive period (Lewis, 1960) ; a description of larval development in the laboratory (Provenzano, 1962) ; various aspects of behavior and reproduction (Hazlett, 1966 (Hazlett, , 1983 (Hazlett, , 1992 (Hazlett, , 1995 ; aspects of population, reproductive biology, and relationships with the shell (Hazlett and Baron, 1989; Fransozo and Mantelatto, 1998; Garcia, 1999, 2000; Garcia and Mantelatto, 1998 , 2001 Fransozo et al., 2003) . Despite of relative abundance of studies on the biology of this species, its male reproductive system has not yet been investigated.
The male reproductive system in decapod crustaceans is typically composed of a pair of testes and genital ducts. These are generally located in the cephalothorax, but in some anomuran families the gonads are situated in the pleon (Krol et al., 1992) . The external morphology of the testes varies among decapod groups, e.g., they are lobular in Dendrobranchiata and in hermit crabs, a simple tube in Caridea, and Hshaped in Brachyura (Felgenhauer, 1992; Krol et al., 1992; Garcia and Silva, 2006; Tirelli et al., 2006; Hobbs et al., 2007) . Each genital duct consists of a collecting tube, a vas deferens with distinct regions, and an ejaculatory duct ending in a seminal vesicle or in a terminal ampulla, depending on the species (Krol et al., 1992) . The vasa deferentia are paired structures that conduct the spermatozoa from the testis to the gonopores, located on the ventral side of the coxae of the fifth pereiopods, and that assist in the formation of the spermatophores (Felgenhauer, 1992) .
In decapod crustaceans, the spermatozoa are surrounded by protective and adhesive materials that form the spermatophores (Subramoniam, 1993) . These structures are formed prior to or during ejaculation, and may vary in size, shape, and complexity (Hess and Bauer, 2002) . The spermatophores are essential in sperm transfer and storage because, in addition to protection and adhesion, they may provide energy-rich substrates for prolonged sperm storage in the females (Subramoniam, 1991; Scelzo et al., 2004) .
During copulation, the male hermit crab transfers the spermatophores to the female, attaching the sticky base of the spermatophore to the exoskeleton of the female or onto the surface of a gastropod shell (Hazlett, 1996; Hess and Bauer, 2002) . Spawning may occur within a few hours after the copulation, when the eggs are released and pass through the spermatophoric mass (attached to the ventral surface of the female), where they are fertilized. The eggs then pass to the pleopods of the female, where they will remain attached during their development (Hess and Bauer, 2002) .
In Paguroidea, the spermatophores have a complex structure, with three distinct regions: a distal ampulla containing the spermatozoa, a columnar stalk of variable length, and a proximal foot connecting the spermatophores (Tudge, 1991 (Tudge, , 1995 (Tudge, , 1999a Subramoniam, 1993) . The ampulla is composed of two halves joined along their edges by a suture line, a region that is broken for the release of sperm after spawning (Mouchet, 1931) . This process probably occurs via mechanisms developed by the female, such as the release of solvents to dissolve the suture line of the spermatophores, or by contact of the egg mass with the spermatophoric mass in the pleon of the female (Mouchet, 1931; Hess and Bauer, 2002; Contreras-Garduño and Córdoba-Aguilar, 2006) .
The process of fertilization and the interactions between eggs and sperm are still understood, are probably dependent, in part, on the shape of the sperm, which varies among groups of Decapoda (Jamieson, 1991) , and habitat. Pleocyemata, including the anomurans, share a common form of sperm, except for the carideans. The sperm is composed of: a large acrosomal vesicle, which may have multiple layers; a posterior nucleus of variable density; a cytoplasm containing mitochondria, microtubules, lamellar structures, and often centrioles; and a variable number (from three to many) of arms or spikes (Tudge, 1992) .
The male reproductive system of hermit crabs, composed of testes and vasa deferentia (containing spermatophores and spermatozoa), show a species-specific morphology that is useful in phylogenetic studies (Tudge, 1997; Tirelli et al., 2006) . Similarly, comparison of the functional morphology of the genitalia, as well as the mechanisms for the transfer and storage of sperm among taxa, provides useful information for inferences on phylogenetic relationships, especially among Decapoda (Bauer, 1986 (Bauer, , 1991 ; as well as for understanding adaptive strategies to the habitat.
Few studies have provided complete and integrated descriptions of the reproductive system in hermit crabs, especially considering the enormous abundance and variety of the group. In view of this promising scenario for study and as a part of a long-term effort to understand the reproductive strategy of reproduction as well as the spermiotaxonomy of this group, the present study describes and illustrates the morphology of the male reproductive system of the hermit crab C. tibicen, the type species of the genus, and makes comparisons with congenerics and other diogeninds.
MATERIALS AND METHODS
Specimens were sampled on the rocky shore of Praia Grande Beach (23u289S and 45u039W), Ubatuba, São Paulo, southeastern Brazil. Crabs were collected by hand at low tide from depressions in the intertidal zone, where they were found grouped in small pools of water or in cracks in exposed rocks (Fransozo and Mantelatto, 1998; Mantelatto and Garcia, 1999) .
After collection, specimens were carefully removed from their shells and males separated from females; the latter were returned to the collection site. Sex was checked based on the position of the gonopores (on coxae of third pair of pereiopods in females and on fifth pair in males). Males were then transported alive to the Laboratory of Bioecology and Crustacean Systematics, Department of Biology, FFCLRP, University of São Paulo (USP).
For the analysis, the specimens were anesthetized by chilling, and then, for each individual collected, the following measurements were obtained: shield length (SL 5 dorsally, from the tip of the rostrum to the V-shaped groove at the posterior edge), diameter of the gonopores, and wet weight. These data were obtained with a caliper rule (0.01 mm accuracy), a camera lucida mounted on a stereomicroscope, and an electronic balance (0.01 g), respectively.
The reproductive organs of males (composed of testes and vasa deferentia containing spermatophores) were dissected from freshly preserved specimens. A dorsal incision was made in the cuticle of the pleon, exposing the hepatopancreas and reproductive system and allowing their separation. The spermatophores were extracted from different regions of the vas deferens (from the testes to the gonopores) to understand their developmental process. However, only spermatophores from the distal portion of the vas deferens, near the gonopores and containing mature spermatophores, were used for the biometric analysis. Ten spermatophores were measured, as follows ( Fig. 1 ): spermatophore total length (TLSp), peduncle or stalk length (PL), peduncle width (PW), ampulla width (AW), and ampulla length (AL). All the analyzed material (testes, vasa deferentia, and spermatophores) was then preserved in 4% formalin-seawater.
Observations of testes and vasa deferentia were made by means of a stereomicroscope and microscope equipped with a drawing tube. Spermatophores were analyzed by means of a light microscope, fitted with a drawing tube for the measurements and image capture to obtain photos. Details of gonopore and spermatophore morphology were obtained by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), in accordance with the standard methods of the Laboratory of Electronic Microscopy of the Department of Cellular and Molecular Biology and Pathogenic Bioagents, Faculty of Medicine (FMRP) -USP. For the SEM, the samples were fixed in 3% glutaraldehyde (for periods of two hours for the spermatophores and four hours for the gonopores), then transferred to phosphate-buffer saline (PBS) and post-fixed in 1-2% OsO 4 in buffer solution. The material was dehydrated through ascending concentrations of ethanol (50-100%), and critical-point dried using ethanol as the transitional and CO 2 as the exchange fluids. Then it was placed on stubs, sputtercoated with gold, and viewed and photographed in a scanning electron microscope EVO 50 interfaced with a computer. For TEM the procedures were similar, except that after dehydration, the material was infiltrated and embedded in EponAralditeH resin, and thin sections were cut on a microtome and then transferred to small copper grids. These were contrasted with lead citrate and uranyl acetate, viewed and photographed in a PHILIPS EM 208 transmission electron microscope; the resulting negatives were scanned on a photo scanner.
Statistical analysis of data was performed for the measurements of crabs (SL) and the spermatophores (TLSp), with the program Sigma StatH Windows version 2.03. First, the data were tested for normality, through the Kolmogorov-Smirnov test, and then the values were submitted to parametric or non-parametric tests (Zar, 1996) . For all tests a 5 0.05 was used.
Voucher specimens were deposited in the Crustacean Collection of the Biology Department (CCDB) of the Faculty of Philosophy, Sciences and Letters of Ribeirão Preto (FFCLRP), University of São Paulo, Brazil (Catalogue number: CCDB 2041).
RESULTS
In total, 30 adult specimens were dissected and analyzed. Their sizes (SL) ranged from 2.2 to 6.9 mm with a mean of 4.99 6 1.30 mm, and wet weights from 0.1 to 1.83 g, with a mean of 0.91 6 0.49 g. The reproductive system of Calcinus tibicen is composed of paired testes and paired vasa deferentia, containing spermatophores and spermatozoa. The testes are located dorsally in the pleon, on the hepatopancreas, showing a slight lateral displacement as result of the dextral twisting of the body in the gastropod shell. They are white, juxtaposed, and lobular, dorsal-ventrally flattened, and elongated on the antero-posterior axis. From each testis emerges a vas deferens that communicates to the exterior by the gonopores (Fig. 2A) . The vasa deferentia are whitish coiled tubular ducts, which have three macroscopically different regions (Fig. 2B) : an intensely coiled proximal region, after the testes; a less-coiled intermediate region that passes anteroventrally over the hepatopancreas; and a straight distal region that ends in the gonopore.
The spermatophores develop in the vasa deferentia, and the areas described above contain spermatophores in different stages of maturation (Fig. 2C, D, E) . In the proximal portion, the sperm-containing ampullae which are approximately spherical but with a flat base, begin to form. The ampullae are linked to each other by their bases, beginning to form the feet (Fig. 2C ). In the intermediate portion, the peduncles and feet develop, but the spermatophores remain connected through the feet (Fig. 2D) . Finally in the distal portion, the mature spermatophores remain stored until the transfer to the female (Fig. 2E) . The spermatophores are surrounded by the seminal liquid, forming a cord along the vas deferens. This whitish glutinous liquid helps to form the spermatophore cord and to affix the spermatophores to the female's body, after copulation and until the sperm are released.
The spermatophores of the species studied have three distinct regions (Fig. 2E) : a distal ampulla containing spermatozoa, a peduncle or stalk, and a proximal foot.
The ampulla consists of two valves that are joined along their lateral edges by a suture line (termed the lateral ridge); it is relatively spherical, and flattened on the dorsoventral axis (Fig. 3) .
The length of the ampullae (AL) ranged from 50 to 140 mm, averaging 89.8 6 17.8 mm; and their width (AW) from 40 to 140 mm, averaging 84.30 6 18.6 mm. The suture line is characterized externally by a thickening of the walls on the edges of the halves (Fig. 3B, C) , which is broken for the release of the sperm. Internally, the suture line is an approximately conical disruption in the ampulla wall structure (Fig. 4B) . The spermatophore wall, where the suture line is formed, has the internal portion thick, electron-dense, and fibrillar in form; a smaller external portion, evident just above the suture line, is less electrondense and more granular (Fig. 4B) .
The peduncle is relatively cylindrical, with a small projection at the end by which it joins with the ampulla. The peduncle measures between 50 to 250 mm in length (PL), averaging 130 6 45 mm, and between 10 to 60 mm in width (PW), averaging 25 6 11 mm. The feet form a long flattened base joining the spermatophores. The separation between the feet of each spermatophore is unclear with some clearly separated and others with a single structure joining two to three spermatophores. Therefore it was not possible to define and measure this structure.
The spermatophore total length (TLSp) ranged from 80 to 340 mm, averaging 201 6 58 mm. This measurement showed a positive and significant correlation with the size (SL) of the crab (r 5 0.861, P , 0.05), i.e., the spermatophore total length increased together with the increase in length of the hermit crab (Fig. 5) .
The spermatozoan of C. tibicen has three main regions (Fig. 4-C) : an acrosomal vesicle, the nucleus, and the cytoplasm with arm-shaped extensions. The vesicle is approximately spherical, with a conical electron-dense operculum on its apical pole. Internally, the acrosomal vesicle is posteriorly penetrated by the perforatorial chamber, which is cylindrical and extends almost the entire length of the vesicle. At the base of the sperm cell is a cytoplasmic region, in which mitochondria and microtubules are embedded in the cytoplasm, and where groups of microtubules form three arm-shaped extensions from the cytoplasm. The large, amorphous, granular nucleus is located posteriormost on the spermatozoon.
The male gonopores are paired (Fig. 6A ), and are covered by an ovoid membrane. Each gonopore is surrounded or not by a few setae (Fig. 6B, C) . The diameter of the gonopores ranged from 0.11 to 0.25 mm, averaging 0.19 6 0028 mm, and showed a positive and significant correlation (r 5 0.817, P , 0.05) with the shield length (SL).
DISCUSSION
Calcinus tibicen is the third paguroid species in the southwest Atlantic for which the reproductive system has been thoroughly examined. The other two species are Loxopagurus loxochelis Moreira, 1901, by Scelzo et al. (2004) ; and Isocheles sawayai Forest and de Saint Laurent, 1968, by Mantelatto et al. (2009) . In addition, the present description represents the sixth species from the 43 species recognized for this genus wordwild (Poupin and Bouchard, 2006) , for which the spermatophore morphology has been reported.
Testes and Vasa Deferentia
The male reproductive system of C. tibicen is basically composed of a pair of testes and vasa deferentia, following the pattern of other decapods (Krol et al., 1992) . These reproductive organs are located in the pleon, between the hypodermis and hepatopancreas, as in other species of hermit crabs (Mouchet, 1931; Matthews, 1953 Matthews, , 1956 Greenwood, 1972; Manjón-Cabeza and García-Raso, 2000; Scelzo et al., 2004; Tirelli et al., 2006) . The testes are lobular, similar to those of other diogenids such as Calcinus tubularis Linnaeus, 1767 (Tirelli et al., 2006) and Diogenes pugilator Roux, 1828 (Manjón-Cabeza and García-Raso, 2000) , and to other anomurans, such as Aegla platensis Schmitt, 1942 (Sokolowicz et al., 2007 .
The vasa deferentia are coiled, as described for other hermit crabs (Mouchet, 1931; Matthews, 1953 Matthews, , 1956 Greenwood, 1972; Manjón-Cabeza and García-Raso, 2000; Scelzo et al., 2004) . In general, the development of spermatophores along the vasa deferentia occurs in a typical sequence: the sperm are first encapsulated in ampullae, the peduncles and feet develop along the vas deferens, and the spermatophores mature along the distal portion (Mouchet, 1931; Matthews, 1953 Matthews, , 1956 Greenwood, 1972; Manjón-Cabeza and García-Raso, 2000) . Trying to better understand that process, the vasa deferentia was divided in three regions with distinct morphologic characteristics which follow the formation and maturation of spermatophores. However, previous studies, e.g., C. tubularis by Tirelli et al. (2006) and Dardanus asper De Haan, 1849 by Matthews (1953) , described larger numbers of regions of vasa deferentia. Such differences stem from the relative accuracy of other methods used to study the process and define these regions, such as histological analysis, which may reveal additional structural details.
Spermatophores
The spermatophores of C. tibicen show the characteristic morphology of paguroidean hermit crabs (Tudge, 1991 (Tudge, , 1995 (Tudge, , 1999a Subramoniam, 1993) , divided into a distal ampulla, a peduncle, and a proximal foot. Their shape is similar to spermatophores of the congenerics C. minutus Buitendijk, 1937 and C. latens (Randall, 1840) , which also have an approximately spherical distal ampulla, a thin stalk, which expands at the junction with the ampulla, and a flat proximal foot (Tudge, 1991) . However, the spermatophores of these Calcinus species are different from C. tubularis, described by Tirelli et al. (2006) . According to these authors, the spermatophores have the same main regions (ampulla, peduncle, and foot), but they have a smaller stalk, more similar to spermatophores of species from other genera, such as Cancellus species (Tudge, 1997) . These similarities among the spermatophores of C. tibicen, C. latens, and C. minutus, and the differences between them and C. tubularis, may indicate greater phylogenetic closeness of the first three, as recently described by Tirelli et al. (2008) using spermatozoal and spermatophore characters.
Our findings corroborated the proximity of members of Calcinus with representatives from different biogeographical waters. Calcinus tibicen is reported to the Western Atlantic; C. minutus is distributed along the Indo-West Pacific, Australia, and Eastern Indian Ocean; C. latens is widely distributed: eastern Africa, Australia, Red Sea and Indo-West Pacific; and C. tubularis is found in Eastern Atlantic and the Mediterranean Sea (Poupin and McLaughlin, 1998; Poupin and Bouchard, 2006) . This close spermatophore similarity to Atlantic/Pacific and vice-versa representatives of the genus Calcinus, should be addressed by a more-complete subset of spermatophore morphology of species. This scenario confirmed that some phylogenetic relationships of Calcinus are still unclear and the description of the spermatophore of C. tibicen, the type species of the genus, will serves as phylogenetic baseline for a comprehensive examination of the evolutionary history of the taxa.
Spermatophores have a suture line characterized by a thickening of the ampulla walls along the edges, where they join. In C. tibicen, the suture line has an external morphology similar to other species previously studied, including Calcinus laevimanus Randall, 1840 and C. gaimardii H. Milne Edwards, 1848 (both by Tudge, 1999b) , C. minutus by Tudge (1991) , and C. tubularis by Tirelli et al. (2006) . Considering the internal morphology, the ampulla walls and consequently the suture lines can be divided into three forms: fibrillar, heterogeneously granular, and homogeneously granular (Tudge, 1999b) . The fibrillar form, found in the spermatophores of C. tibicen, is typical of the families Coenobitidae and Diogenidae, except for the diogenid genus Clibanarius, which shows heterogeneously granular morphology. Additionally, heterogeneously granular and fibrillar forms are considered apomorphic, and support the close relationship between Diogenidae and Coenobitidae (Tudge, 1997) . On the other hand, the homogeneously granular form is found in representatives of Paguridae, Parapaguridae, Porcellanidae, Lomidae, Hippidae, and some members of Galatheidae, and in the decapod infraorders Brachyura and Palinura, but the homology of this structure in these latter groups is still uncertain (Tudge, 1999b) .
The relationship between spermatophore length and the size of individual crabs has been little investigated previously. Calcinus tibicen (present study), Loxopagurus loxochelis (Scelzo et al., 2004) , and Isocheles sawayai (Mantelatto et al., 2009) show a positive correlation between these measurements, i.e., the size of the spermatophore depends on the size of the crab. Other studies have reported only the means of the spermatophore measurements, with no information on the number and sizes of analyzed animals (Tudge, 1991 (Tudge, , 1996 (Tudge, , 1999a . Spermatophore dimensions have also been considered a criterion to distinguish species of diogenid hermit crabs (Scelzo et al., 2004) . However, this study used only the mean dimensions of spermatophores to compare species, without assessing the variation in these measurements. If studies such as Scelzo et al. (2004) , do not analyze specimens of all sizes, then there is the chance that small spermatophores, from small individuals of one species, may have been compared to large spermatophores, from large individuals of another species. Furthermore, studies those report only the mean and standard deviation (Scelzo et al., 2004; Tirelli et al., 2006 Tirelli et al., , 2007 report wide variations in spermatophore dimensions, making it difficult to distinguish among the species based on this character. Considering the worldwide diversity of this genus, with 43 species recognized (Poupin and Bouchard, 2006) , the analysis of spermatophores of other species, in conjunction with other taxonomic characters and molecular tools (Mantelatto et al., 2006) , may assist in comparisons within this group and with other taxa, allowing possible phylogenetic relationships to be elucidated.
Spermatozoa
Diogenidae shows a variety of sperm morphologies that resemble those described for the families Paguridae and Coenobitidae. Whereas some species share the shape of the perforatorial chamber with Paguridae, others share the presence of microtubular projections in the perforatorial chamber with Coenobitidae, suggesting that Diogenidae is polyphyletic, based on these characters (Tudge, 1992) . The morphology of the spermatozoa of the species studied is similar to the general pattern of species of the genus, which is composed of a spherical acrosomal vesicle, capped by an operculum and posteriorly penetrated by a perforatorial chamber; the acrosome embedded in the cytoplasm; and the nucleus (Tudge, 1995) . However, C. tibicen does not have a division of the perforatorial chamber into anteriorly and laterally directed ''fingers,'' as observed in other congeneric species, which has been considered an autapomorphy for the group (Tudge, 1995) .
Additionally, Scelzo et al. (2006) observed that the general sperm morphology of L. loxochelis is similar to that described for the genus Calcinus, but it also lacks this splitting of the anterior end of the perforatorial chamber into many obvious fingers, being more similar to C. tibicen and C. tubularis (Tirelli et al., 2006) . Based on this and on the existence of numerous congeners in which these characteristics have not yet been studied (the genus contains 43 species, of which only 4 have been analyzed), it is clear that further studies are necessary to assess the possible phylogenetic significance of these characters.
Gonopores
The male gonopores of C. tibicen are ovoid and have a gonopore cover, as found in L. loxochelis (Scelzo et al., 2004) , D. pugilator (Manjón-Cabeza and García-Raso, 2000), Clibanarius erythropus Latreille, 1818 (Tirelli et al., 2007) , and I. sawayai (Mantelatto et al., 2009 ). However, they differ significantly in having few or no setae around the cover. Some studies have indicated that in hermit crabs, the setae that surround the gonopores may be related to copulation, providing better adhesion to the female gonopores during copulation, and act as sensors during the transfer of spermatophores to females (Manjón-Cabeza and García Raso, 2000; Tirelli et al., 2007; Mantelatto et al., 2009 ). Other species of hermit crabs have other structures, such as small genital papillae or large sexual tubes, which may assist in similar way, although the exact function of those structures is still poorly studied (Tudge and Lemaitre, 2004, 2006; Tirelli et al., 2007) . The absence of setae or other structures in the male gonopores of C. tibicen may indicate that this species uses other strategies in copulation. In hermit crabs, copulation mechanisms are still poorly understood, and further studies are needed to investigate their reproductive behavior.
Characters from the male reproductive system of crustaceans have been useful in important studies of phylogenetic relationships (Jamieson et al., 1995; Tudge, 1991 Tudge, , 1992 Tudge, , 1995 Tudge, , 1997 Tirelli et al., 2008; Hobbs et al., 2007) . Interest in studies involving spermio-taxonomy has increased in recent years. However, to carry out a sound analysis of phylogenetic relationships, these features must be used in conjunction with other characters, such as molecular data, larval characteristics, and the general external morphology of adults. In addition and aiming sperm phylogeny approaches, we strong recommend that future analysis on spermiotaxonomy of hermit crabs (and other decapods) should be made for the type species, as made in recent descriptions as L. loxochelis (Scelzo et al., 2004) and C. tibicen (present work).
